In this case, the Josephson junction is a pulse generator that can be triggered at frequencies from dc to 20 GHz, and that produces short (-50 ps) voltage pulses with a time integral of exactly 1/KJ-90. A delta-sigma algorithm with a high oversampling ratio is used to define a digital pulse sequence for any desired output waveform. The sequence is programmed into a digital code generator that triggers the Josephson device. The result is a replication of the desired ,waveform with a time-dependent amplitude that is exactly calculable from a knowledge of the pulse code, the sampling frequency, and the number of Josephson junctions in the array.
I. INTRODUCTION
In 1962, Brian Josephson derived equations for the current and voltage across a junction consisting of a thin insulating barrier separating two superconductors [ I] . His equations predicted that if a junction is driven at frequency f; then its current-voltage (I-V) curve will develop regions of constant voltage at the values nhfne, where n is an integer and e h is the ratio of the elementary charge e to the Planck constant h. This prediction was verified experimentally by Shapiro [2] in 1963 and has become known as the ac Josephson effect. It found immediate application in metrology because it relates the volt to the second through a proportionality involving only fundamental constants. Initially, this led to an improved value of the ratio h/e. Today it is the basis for voltage standards around the world.
Josephson's equation for the supercurrent through a superconductive tunnel junction is given by where I is the junction current, Z, is the critical current, and V is the junction voltage. When a dc voltage is applied across the junction, Eq. (1) shows that the current will oscillate at a frequency fJ = ZeVIh, where 2elh = 484
GHdmV. If an ac current at fiequencyfis applied to the junction, the junction oscillation tends to phase-lock to the applied frequency. Under this phase lock, the average voltage across the junction equals hj72e. This effect, @own as the ac Josephson effect, is observed as a constant-voltage step at V = hfl2e in the voltage-current (I-V) curve of the junction. It is also possible for the junction to phase-lock to harmonics off: This results in a series of steps at voltages V = nhf2e, where n is an integer, as shown in ' Contribution of the U.S. Government, not subject to U.S. copyright.
. .
Constant-voltage steps in the I-V curve of a junction driven with microwave radiation for (a) a low capacitance junction and (b) a high capacitance junction.
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Further study of the behavior of these steps shows that by proper selection of the junction's length, width, critical current, and drive frequency, the steps would cross the zero-current axis as shown in Fig. l b [3] - [4] . This was a critical discovery because it made possible very large series arrays of junctions. When biased at zero current, every junction is guaranteed to be on a step so that the equation V = nhfl2e applies for the entire array. Modem arrays using up to 20 000 junctions and a drive frequency f = 75 GHz generate over 150 000 steps [ 5 ] , [6] . In voltage standards based on these arrays, both the frequency and the step number are selected to generate any desired voltage in the range +12 V. For the purposes of voltage metrology, a defined value K1-w = 2e/h = 483597.9 GHzN is used by all standards laboratories. 
PROGRAMMABLE VOLTAGE STANDARDS
Josephson voltage standards (JVS) based on the zerocrossing steps of series arrays of hysteretic junctions have two important disadvantages: (1) the step number n cannot be quickly set to a desired value, and (2) noise may cause spontaneous transitions between steps. The step-transition problem requires that the bandwidth of all connections to the chip be severely restricted in order to filter out noise.' In the case of classical dc measurements, these are minor inconveniences that are easily resolved with software. However, the step stability, step selection, and bandwidth problems preclude measurements such as the rapid automated analysis of analog-to-digital (ND) and digitalto-analog (D/A) converters and the synthesis of ac waveforms with a computable rms value.
A. Binary Weighted Programmable Arrays
To make possible these broader applications, a new type of Josephson voltage standard has been developed in which the output voltage V = nj7KJ is defined by digitally programming the step number n [8]. The key to this new Josephson standard is the use of junctions that are designed to be nonhysteretic, that is, the junction voltage is a single-valued hnction of the junction current, as in Fig. la. This is achieved by using small area junctions with a resistive shunt.
. The circuit for this new standard uses an array of nonhysteretic junctions that is divided into a binary sequence of array segments, as shown in Fig. 3a . The microwave excitation for each junction is set to equalize the amplitude of the n = 0 and n = fl steps, as shown in Fig. 3b . Each segment of the array can be set to the n = -1, 0, or + I step by applying a bias current (-Zs, 0, +Zs) at the appropriate nodes. The combined step number N for the whole array can thus be set to any integer value between -M and +M, where M is the total number of junctions in the array. For example, to select step 5 we would set Z 3 = 1, = +Is, 1 2 = I, = -Zs. This would bias the single junction and the set of four junctions on the n = 1 step and leave all other junctions on the n = 0 step. The rapid settling time and inherent step stability of the JVS in Fig. 3 make it potentially superior to a conventional JVS for dc measurements. (We define a dc measurement to be one in which the transient associated with changing N can be excluded from the measurement.) Such measurements include calibration of dc reference standards and digital voltmeters, and the characterization of N D and D/A converters. The circuit of Fig. 3 can also generate a staircase approximation to a sine wave by selecting appropriate step numbers in rapid succession. In theory, the resulting waveform has a computable rms value and might be used to confirm the ac-dc difference of a thermal voltage converter and for other ac measurements. In the case of ac measurements, however, the transient waveform during step transitions is included in the nns value and usually leads to an unacceptably large uncertainty.
B. Pulse-Driven Josephson Arrays
Thus far, we have discussed ways to program the voltage of a Josephson array by changing the step number n in the equation V = nf/KJ. It is clear that the same result might be achieved by changing$ Unfortunately, in the case of a sine-wave excitation, the step amplitudes collapse rapidly to zero as the frequency decreases. This means that it is practical to control the voltage via the frequency only over a small range near the optimum frequency fc = ZcRKJ, where Z, is the junction's critical current and R is the normal resistance of the junction. However, simulations show that if the sine-wave excitation is replaced with a pulse excitation, then the step amplitude is independent of the pulse repetition frequency for all frequencies below fc. The optimum pulse width is T = 142nfc.). Figure 4 shows the result of a calculation of the n = 1 step boundaries for a junction driven with a sine wave (shaded area) and a pulse train (black area). Note that for a pulse drive, the step amplitude is large, symmetric around zero, and independent of frequency all the way to zero frequency. In fact, if the pulse's polarity is reversed, then the array can generate both positive and negative voltages. complex output waveform can be generated by modulating the pulse train with a digital word generator. For example, using a clock frequency offc = IcRKj = 10 GHz, the pulse sequence 11 1 1 1000001 1 1 1 100000 . .. creates an output square wave of amplitude of NhIKj and frequency of 1 GHz. Figure 5 is a block diagram of the process that isused to generate an accurate sine wave of frequencyfi or any other . periodic waveform from quantized Josephson pulses. The modulator algorithm block is a computer program that digitizes an input signal S(t) at a sampling frequencyf,. The algorithm is typically a second-order delta-sigma modulator that optimizes the signal-to-quantization-noise ratio over a desired frequency band. For a repetitive waveform, the code generated by the modulator is calculated just once and stored in the circulating memory of a digital code generator. When the digital code generator is clocked at the sampling frequency, it recreates an approximation to the original signal as an output voltage S,(t). It has been shown that combining SD(r) with a sine wave bias at ( 3 / 2 ) f , to drive the Josephson m a y makes possible bipolar operation and results in a factor of six improvement in voltage range over that from driving the array with So(t) alone [lo] . The hnction of the array is to pcrfectly quantize the input pulses, thus greatly reducing amplitude noise in &(t) within the signal band. A reduction in noise on the order of 60 dB can be achieved with this method. When the ratiof, lfis large, (e.g. >lo4) the in-band component of the voltage across the array is an almost perfect reproduction of the input signal. An equally rinportant feature of the quantized voltage pulses generated by each junction is that their time integral is exactly q u a l to a single flux quantum h/2e = 11KJ = 2.067831 mV-ps This means that a knowledge of the digital code, the sampling frequency, and the number of junctions in the array is sufficient to exactly compute the The pulse-driven Josephson array has the potential to be both a dc voltage standard and an ac voltage standard with a bandwidth of 1 MHz or more. The realities are that: (1) this idea has been demonstrated to voltage amplitudes of only about 150 mV, and ( 2 ) a great deal of work is required to increase the voltage range and to prove that every pulse specified by the digital code is faithfully reproduced by every junction in the array. This can happen only if the transmission path to every junction is reasonably independent of frequency from dc to about 18 GHz, a very stringent requirement. Fortunately, there are a variety of simple tests for "lost pulses." For example, the dc output of the circuit of A grounded-array circuit design and improved broadband voltage-tap filters resulted in the first measurements of both dc and ac synthesized voltages that have a "flat spot" for all input bias parameters [ 111. DC voltages in the range -6 mV to +6 mV were measured with a high-accuracy voltmeter and found to agree within the manufacturer's 66 nV analog-to-digital linearity specifications. Similarly, ac voltages from 1 kHz to 50 lcHz with 3.7 mV rms amplitude were synthesized and shown to have a "flat spot" for all input parameters. However, low voltages and input-output coupling limited the uncertainty of the measurements.
A new technique uses ac coupling to split the broadband input into separate low-frequency and highfiequency bias components [ 121. This technique allows arrays with more junctions to be used and results in a 43 mV rms amplitude, more than 10-times larger than previous circuits. AC voltage comparisons had an uncertainty at least ten times lower than that for previous circuits with smaller voltages. However, input-output coupling still dominates the uncertainty for frequencies greater than 50 kHz.
New circuits are being fabricated that should reduce the input-output coupling and further improve the uncertainty for ac voltages. Higher-frequency filters are being investigated for the bias taps to further increase the output voltage per junction. Further increases in the total output \,ohage will be attempted by adding the output voltage of multiple arrays in series. With these improve1 iients it is hoped that amplitudes larger than 0.25 V will bc demonstrated in the near future.
